The 96-h toxicity of four organophosphates (thiometon, disulfoton, malathion, and demeton-S-methyl, the oxygen analogue of thiometon) in the freshwater bivalve mollusc Dreissena polymorpha was tested using different nominal concentrations ranging between 6 and 50 mg/L. No mortalities were observed in mussels exposed to malathion and demeton-S-methyl (26 mg/L and 6 mg/L, respectively), and at the lowest concentrations of thiometon and disulfoton (6 and 10 mg/L, respectively). At higher thiometon and disulfoton concentrations, mortalities occurred. At the highest concentrations of 50 mg thiometonfL and 30 mg disulfoton/L, mussel mortalities of 88 and 93%, respectively, were determined. Organophosphate concentrations of up to a factor 10 times higher than in the ambient water were found in exposed mussels, irrespective of whether they were alive or dead. The search for organophosphate metabolites via GC/MS analysis of mussel tissue extracts was negative, suggesting lacking or low oxidative activation of the insecticides used. The mollusc is highly resistant to toxic effects of organophosphate insecticides and their biological active oxygen analogues.
On November 1, 1986, a pesticide storing facility at Sandoz in Basel (Switzerland) caught fire. In order to extinguish the fire, water was pumped at high volumes from the nearby river Rhine. This water found its way back into the fiver Rhine due to overflowing sewage canals (Capel et al. 1988; Gtittinger and Stumm 1992) . Along with the fire-extinguishing water, pesticides stored in the affected facility were swept into the river. Among these pesticides were organophosphate insecticides, mainly thiometon and disulfoton, mercurial-based fungicides, and herbicides. Consequently, the river Rhine ecosystem *Present address: Department of Environmental and Occupational Health, University of Pittsburgh, Pittsburgh, PA 15238, USA
Correspondence to: C. Dauberschmidt faced high water concentrations of these pesticides. Measured peak concentrations close to the source of contamination were 500 ixg/L and 600 Ixg/L for thiometon and disulfoton, respectively. These pesticide concentrations severely affected insect, crustacean, and fish populations of the Rhine ecosystem. In particular, eels (AnguiIla anguilIa L.) appeared to be highly susceptible to organophosphate intoxication, as fish of this species were found dead up to 400 km downstream of the source of contamination (Gtittinger and Stumm 1992) .
Based on the chemical characteristics of these compounds, it was assumed they would undergo quick hydrolysis and biodegradation, and would not remain in the Rhine sediments (EAWAG 1987) . However, up to 3 1/2 months following the incident, copious concentrations of unhydrolyzed parent compound of the major contaminants, thiometon and disulfoton, were found in the Rhine river sediment near the site of original contamination (430 ppm and 3,000 ppm, respectively, Institute of Toxicology, unpublished data).
In addition to the initial fish deaths, unusually high numbers of dead diving ducks, namely tufted duck (Aythyafuligula) and pochard (Aythyaferina), were found around the site of maximal water and sediment contamination up to four months after the incident. As zebra mussels (Dreissena polymorpha R) represent the predominant part of the diet of these birds (Suter 1982), mussels from this part of the Rhine were inspected for viability and organophosphate contamination. Surprisingly, they presented no obvious signs of intoxication despite the high organophosphate concentrations determined in the surrounding sediment. Furthermore, unexpected high tissue concentrations of unhydrolyzed thiometon (up to 20 mg/kg) and disulfoton (up to 300 mg/kg) were found in the Dreissena polymorpha analyzed (Institute of Toxicology, unpublished data). Based on the high transformation rate of organophosphates in vertebrates, it had been assumed that accumulation of organophosphorus pesticides by aquatic organisms was not likely to occur (De Bruijn and Hermens 1991) . The causal relationship between the observed death of diving ducks and the fire incident demonstrates that this is not true for Dreissena. Because zebra mussels represent an important component of the aquatic food chain, it was important to investigate the basis for the accumulation of highly toxic compounds in this mollusc which may lead to a potential hazard for higher trophic levels. The goal of this study was to demonstrate the high resistance of Dreissena towards organophosphates in laboratory experiments, to see whether mussels retain organophosphates without showing signs of intoxication, to determine metabolites of thiometon and disulfoton, and to try to elucidate the basis of the resistance observed in the field.
Dead mussels were removed daily, and stored at -20°C until further processing. The shell-closing reflex served as a parameter for mussel viability. Mussels lacking this reflex were considered dead. For comparison to a different organophosphate, Dreissena were exposed to malathion in two additional experiments. The amounts of malathion added corresponded to the 10 and 26 mg/L/d disulfoton experiment. Finally, Dreissena were exposed to the potent oxygen analogue of thiometon, demeton-S-methyl, at the lowest concentration used for thiometon (Table 1).
Materials and Methods

Exposure of Dreissena polymorpha in the Laboratory
Zebra mussels (Dreissena polymorpha) were collected at an average depth of 5 m from Lake Zurich by scuba diving. Thereafter, they were kept in a flow-through aquarium with dechlorinated tap water (average hardness 4.8 meq/L) for a few weeks to several months. The water temperature ranged between 12 ° and 18°C. Dreissena were fed twice a week with fresh plankton during the summer months and with commercially available, dried Spirulina platensis and Chlorella pyrenoidosa cultures during winter months as described by Nichols (1992) .
In the first series of experiments, Dreissena were exposed to high thiometon and disulfoton concentrations, the two organophosphates mainly spilled at the Sandoz incident (Table 1) . Mussels collected in July were exposed during the months of August to December. The experimental set-up allowed the investigators to run a thiometon, a disulfoton, and a control exposure simultaneously (3 aquaria). Three days before the 96 h exposure experiments were started, 40 mussels (valve length 1.6-2.3 cm) were placed into each glass aquaria (7.5 L dechlorinated tap water continuously recirculated). The mussels were acclimatized slowly to the test water temperature of 18 _+ I°C and pH 8.5. During this acclimatization phase, as well as during the experiments, the mussels were not fed. The tests were carried out by adding the respective amount of the different organophosphates to the aquaria once every 24 h during a total period of 96 h ( Table 1) . Evaporation of water and/or test compound was prevented by covering the aquaria.
Chemicals
The test chemicals used in the experiments were thiometon, disulfoton, 1%) . To obtain the sulfone/ sulfoxide analogues, parent thiometon and disulfoton were oxidized with potassium permanganate as described in Wisson et al. (1976) .
Analytical grade n-hexane, petroleum benzene, dichlormethane, and sodium sulphate anhydrous (extra pure) were purchased from Merck ABS. Florisil (PR ®, 60-100 mesh) was obtained from Fluka.
Water Analysis
Water samples (10 ml) were taken 10 min after addition of the organophosphate and 24 h thereafter to monitor organophosphate concentrations. These samples were extracted three times with 10 ml of petroleum benzene. Petroleum benzene extracts were evaporated in vacuo to dryness. The residue was then taken up in 1 ml n-hexane.
